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High-Fidelity Multidisciplinary Design Using an
Integrated Design Environment

AFOSR. GRANT NO. AF FA 9550-04-1-0051

FINAL REPORT (Mardi 20(34 - Fbniarvi- 2007)

Ant oiy Jamlesonl

Decpartmniit of Aeronautics k Astronauitics
Stanford UniversityN

Stanford, CA 94305

Executive Summary

Building onl our previous work. the main objectives of this research were to further develop and expandl thle
niecessary fun damentalI algoritlhn is am11( procedures to enable hiigh-fidelic ity moult idisci plinary dlesig gofc(if (pdl et
airc'raft, coniigurations. B~asedl Oi a niumb~er of achievemients in our p~revious work, we believe that we have a
miatheimatical formulation for the tools that are requiredl to create such an integrated1 (lesign enviroiiiiieit.
W~e were ab~le to increase the scope, of ourl research by leveraging frorn other sources of support. Lu particular
Georg MaY's thesis work lbenefited froin the, suppIort of a Stanford Graduate Fellowship.

III orider to realize a triuly aultomnated niultidiscipliarvr (](esign enIvironmenITt. several tasks needed to lie
aceoniplishiei to enhance the tools that we alread 'y had and to integrate therin iii such a way thlat coorilinat ion
bet-ween the evoJluitioni of the dlisciplinies is inaintainlen.

This report dlescribies the progress that has been miade towards the accomiplishmnent of thlese goals, The
fiundaienetal efforts coliduiietid have focused onl tolr idifferent areas. FirstlyN, we have continuied to develop ourl
analysis andi design unstructured mnesh capabilities for viscous flows- a later sect ion provides a summnar 'y oft 1 iis
work. Secondly, we have further dlevelop~ed our viscous pla nformn op~t imization capability which now includes
a niodlel of the wing weight to guide the selection of the planforin variables (area, aspect ratio, sweep. talier
ratio. etc.). Third. we have carried out initial efforts to create trily high-fidel ity nuiltiilisciplinarly designs
by creat ing a two-level, mutll i-fidelity diesign strategy that has b~eeni (leninostratedl using a smiall supersonic
jet as aii example. Finially, we have explored the possibility of (developinig autonicatic feedback coiitrol of
aerodynamic flows based onl a comnbina tion of adjoint b~ased sensitivity, analysis, redlucedl ordei modelling, aind
liiiear quadratic Control theor~y. A pirocedlure for controlling- the surface pressure dhistulrbanlces via blowing- anid
suction has been demoinst rated and this has bieen extenided to show the p)issibilitV of active flutter control.

Thel( thI eses and( inain p ubl ic(ations)1 which have resulted Ifroim the research performied inl asso iciat ion -withI
lhe gra mit are listed hiloa.

210070925277
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Unstructured Methods for Analysis
and Design of Viscous Flows

In this sectioni we report our p~rogress toward1s a new platforiii for compultat ional aerodyniamicis anaul ,Nsis
aind design onl arbitrary, meshies. nhe approach was designed for linaxi imiim fleXilbilit 'v to serIve. us thle biasis
f'or a fut iire industrial strengthI flow solver onl general grids, and as a framework for advaneed research in
lie area of ('1l) aind aerodynaminc desig-n. Such a flexible platform is crucial for tranisfering niewx research

to industrial appliciationis. WVe lbrieflv dlescribie the capabilities aind methods and show results froini nutialI
validation oil ilivisci(I andI viscouis test cases. The research addresses open issues in CFD onl iiistrlictiiredl
grids s ml ic as viscoll 0m(i seret iza tion and inniti igril melithlods in) an un ist rucotuiredl con text.

Support for Arbitrary Meshes and Different Discretization Techniques

11 im miie 1: Exanm ples of diff~eren t Tinesl types an id(Iiseret iza (ion technriiquies . From left. to righ t: S tructuiired.I
uiistructuired in cell-centered discret izatiori (variables are stored at the cell-centers), unstructumred ini cell-
vertex diseret izatjoii using the riiediaii dual (variables are stored at the nodles), Cartesianl.

D ifferenit. types (of mneshes, (structAured. omistructuredl, C'art esian) as well as conceeltuallv (l, ifferent meit hods
of'discret izatIion are u sed in comnpu ta tional Hi iidI dv nai nics todia~y. Examples of discret izatiomi techniques airc
cell-centered (liscretizationl or cell-vertex discretization with one( of the possible ways to define dual mse
froii a givenI priimary iiies'l t op ology. Figure I illustrates diflereiit, iieshi tvypes and (hifreremit (liscret izat lon

Figure 2: Two dhimiensio~nal illustration of the face-based (data, struc~ture.



do i-ncelli ,nce1l2

set residual(i) to zero
end do

do n=nfacel ,nface2

Ni ncf(l,n)
N2 = ncf(2,n)
flux(N) = f(solution(N1),solution(N2))
residual(N2) = residual(N2) +flux(N)
residual(Ni) = residual(Ni) -flux(N)

end do

do i~ncelli ,ncell2

solution~i) = solution~i) -residual~i)
end do

Figure 3: Basic solution alg()rithiii inl Flo3xx

94o.

Figure 1: Stencil for 2`1 order flux comnputat ion oin a striic itred inesh.

Tile newly (developed nketliod (-all operate oil any of the above nmesh typles andi (iscretization techniquei(s.
In fact, thle flow~ solver mouonle is at present completely indifferent to thle underi *ving mieshi topology so that
it c-aii run, inl principle. (01 arbitrary meshes. A face-based diata structure is used, which recognizes pointers
fronm eil interfaces to adjiacent nodes as the only conlnectivity informat~ion. This is illustrated inl Figure 2.
Reigardless of' thle mlesh topology, there will always be a hini te number of interfaces separating exactly t wo
con t rol volunmnes. Pinclutding halo cells at boumnlaries. By looping over t hese interf~aces all iiecessar 'v fluix
comnputations (-all lbe carried1 out. The pseudo-c-ode inl Figure illustrates the basic algorithm used inl thle
flow solver mtodule. kkhile this algorithim is simple, the connectivit~y informnationi used is not, normally the
on e stored inl prim ary meshes. Computational complexity is shifted to thle preprocessing stage, where the
necessary data structure is generated1 along with metric (data. Currently, p~reprocessing is impIlem~entedl to
providle metrics for the nmedian (dual nieshi and the primary miesh for thle four mlost comimnon element types
tetrahiedra, lprisirns, pyramiids, and hexahledi a.

Preprocessing for liexaliedra allows the treatmient of struct ured nmeshes inl all itmstruct ured context. For
structutred meshes time tdata structure can also be augmienitedl to recover the treatment that is normninall 'v used
for this type of mnesh. Figure I illustrates the usual stencil uised for at seconid ordler flux coilputat iol till a
structured miesh. The bilue, cell centers in Figure 4 are pointees of the face between t hem iii anl tmnstructutredl
coit~ext. By creatiing alfl addlitionial level of p~oiniters to tihe miext-btit-oiie neighboirs (green cell centers), it is
possible to reproduce the structured algorithmls wvith thle unstruct~ured :odIe. Note that there are thus two
way's inl which structured meshes (an be treatetd. ()ie way is to 1(ook at themi as unstructurned hexaliedral
mneslhs andl( use a general-mnesh treatment. inivolvimig gradient reconistructionm (to be djescribled below). Anot her
way is to use thle dlescribedl extra tdata structure to reprod~uce the exact structured algorithms, which is faster
Comiparedl to first miethod0(. It. also serves to asses thle mini immumn overhead that is incurred comipared to a
structuiredl code (ue toi the irildirect addlressing. Numerical explerimlents have showni t~his overhead1 to lie
around 25%.

Cell-cent~ered discretization using the primary' vimeshi or cell-vertex (liscretizationl using thle median du1al
nieshi canl be selected at runi-t ime, tilie onily (lifference being thew preparation (of the mietric (data. U sulallv,
subtle (differenices between cell-cent eredl and tell-vert~ex (liscret ization exist, even inl a mesh t ransplarent flow
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*AIRPLANEC- Tetrahedral Mesh
*F~o3xx - Tetrahedral Mesh

F o3xx - Structured Mesh

a,

-0 ylb =0.2

0~ 0.1 0.2 0:3 04 0:5 0:6 0 :7 0.8 0.9 1

x/C

Figure 5: Pressure (list rilbut ion in the wing section y/b =0.2 for thle (Jnera T\1 wing at Mach numbner
,1I = 0. 84 and it = 3.06" anugle of attack. RIesu lts are shownt for a st ructutired Ini esh -w ith 1 . m nillioin nodes1(
am I for a t etriahedral mteishI withI 3 16 ,000 iodes.

solver nodiflte, fur examripie at thle bound aries. InI t Iiis i mplem entatit)]n a 1nifi fed t rea tmenet i ft. t I hot nidorieis
hias bteen chosent utsinig ha it-cel Is at bounimdaries for a ny k indt of tmesht i.e. for cell- v(rtex sch('rites boul~ir ,i d v
coniditionts are iiot entforced at the nodes. During preprocessing boundary notdes becomne dual cell centt'rs.
whfich are nto lo~nge'r located ont the bo~undlary. butt shtiftedi to the dutal tt'11 centroids. The constructioni ttf Ialti
ce'lls proteet ds in t he samne mart ier as for t'ell-cetttered I Iiscretti ztt ioi.

Inviscid Validation

Figinc 5 trovi des it itial va l lot jolt oftt. Ulie tii I-('(1-i ae l ttorit Itii. Botth a strmetutred niis hi wi thI approxi muate ly
1.1 miillion notdes andh anlltunstructurted tetrahtedral mtesht with 316.000) nodes Ihave beeni used to calculate the
f low for t he( Ot era M 6 test case at M achi numbter A! 0.81 antI at = 3.06" angle tf attack. The c, dlist ribltt iout
ait tile Wing 'Sectiont y/b = 0.2 is comnparedl to results ob~tainedl with the solver AIRPLANE on the sautec
unstrutctured( tet~rahedlral mesh. All comnputationts have beent carried out tusing cell-vertex discret izatiomi onit

tthe('-level i utlt igmid sequtetnce.

Viscous Discretization

Stince gi attientt' are nte'eded for state re'onistruictiont they are intit ially comt putited for thIe ntodes (of tlt( priimaitry
mtesht or the cetttroidls (If the primtary elemtents, depending ont thle tliscertiztitioit type chioseni. For viscout s
thicretizatiott the gradhientts must lhe evaltated at tite intterfaces btetween adjacent cells. Trhis ciI be doine by
a suitable average. whtich typically dlepend(s ott thte mtesh struct ure atnd choice of conitrol volumte. Since thIe
goald for thle comnputat~iontal platiformt is comtplete mteshi trattspar('icY. tltis dependence ont the itiesh topology
is tuntstttisfactorY.

lItI t~he( c'urrent imttplemnettatiotn gradlients are conistructed utsitg either the iinw(iglitet lettst-squtares
mtet hod or a gati ss- tvyte recon~tstruct tiott, i.e.

V71"i 6(1)

Whlere' V, is the( ct'll voiitltte. and tiltle oven tar dentotes a sutitable face average'.
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For conivenitionial viscous, liscretizatioii an initial value for t he gradieiit at. the cell interface uiav 1be

obtaned Y aeragilig the values of adjaceiit cells, 0,i aiiii (Q to give

= V,) + (VO)j] (2)

SubsequentlY a correction in thle directioin S:ýj is app~liedl to avoid 0(1(-even decoupling, where

iitj = F

Tis 1 cads to thle follo wiiig grad ient onl the interface

Thiis miodificationi results iii a stable (liscretiz/atioii of the Visecous teri~lis and( dloes iRA, affect the accliuc v
as long as the interface integration point is located halfway between the two cell-centers. This. however, is
only tilie uase for tilie iiied ian duaml control vo luiie. renderiing this t~ipe of' viscous d iscret.izat ion Iiighl l iineshI
dep~endent.

Using concepts, of kinetic gas theory. viscons discretization (,all b~e accomiplished in a different, fa~shiion.
Maiiy researchers have uisedl the Boltzmann equation or- its BG1K simplification. i.e. thue BGKl equat ion, ats
at basis for the c:onstruiction of numerical f1lixes. F'irstly we note that thle Navier-Stokes equiationis cuan be
obtaiiied by ('haprnan-Eiiskog exp~ansioin of both the full Boltzmnanii eq]uationl as well as the BGK equlationii

he~~~~ dfeeebenoly iii thle values of the transport coefficieiits.

For mnore dleta ils of' the actual discretizatioii used, the reader is referred to the appropriate puiblication
at thle end of this report. The details have been omnitted here, for conciseness.

For initial valIidationi we provide the solution of a resolved shock structure obtaiiied with the new schenie,
see Figure 6. It should he pointed out at t his point that. sinice the Cliapinaiin-Enskog expansion uf the 13(1 N

Shook S(~t-tun Computation
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F'iguire 6: Resolvedl shock structure for upstream Mach niumber 11I = 1.6 and a Praridtl iniumber of Pc 0.72

eP iat i ( gives (lhe tramnsportl co)efficient s as a suole fun ct ion of tilie COlhisOii t iine T, onlyI~ oiie, paramiet er cmlii
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b~e set auitoniatfically to the right value. This will usually be the (I 'vimmic11 viscosity. For accurate licvit fluox
comiputations, the reconstruction involving the tempjerature gradient hI s to he scaled1 appropriately, so as to
co rrespoind to thle correct Pm ndtl iiuimber.

For further walidat ion consider a zero- )ressure-gradlient lboiindiai laover. Figures 7 shows that Htn solio-
tioli compu I1ted is ini close agreeiiient, with the B~lasius solution.

A de(tailed description of this research is given in the thesis of Georg May. entitled "A Kinetic Scheme
for the Navier-Stokes Equiations and Hfigh-Order 'Methods for H1yperbolic Conlservation Laws" Duning t he
period of his thesis research Gvorg May received sup~port fromn a Stanford Graduate Fellowship.
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Planform Optimization Studies Using
Viscous Flows and a Weight

Estimation Method

III t his section we focus onl our work on aero-structural optimization of wings for long ranige tiarisjiort
aii-craft, using adjoint-based optimization techniques. W~e are interested in exploring and comparing thle
attainable I radle-offis such as L11) vs. M ach number, which mnay be appreciaible higher than the historical
trends tYpicallY used inl concep~tual design. W'e also seeks to identify a discernable trend in the v ariatioln
of planformn variables such as sweep, thickness-to-chord ratio, aispect ratio, andl chords for opt imumn wvings.
Biesult s form) willig] iSelaige and comi le1t e-a ircral'i -conIIfiguIIration op~timizations indicate that stretching thle
span together with dlecreasi ng the sweep andl thickening the wing sections, the lift-to-drag ratio cain be
increasedl without any penaltY onl the structure weight.

The niethodology used for this weight-estimiate-based optimiizationl st~udies hias beern Presentedl earlier
and will not be repeated hiere. Thel( readler is referred to the piublications by Leoviriyakit and Jameson list ed
ait the end of this report.

Redesign of the Boeing 747 wing

W\e p~resent a result to show that the optinization approach we are pursuing canl successfully trade plaiilormii
lariwiiieters and wing wveight. WVe also demronstrate how t~o applY straitegy gamne theory to gradieiit 1 aseil

Here, the case chosen is the Boeing 747 wing fuselage comibirnation at M\ ach (1.87 anrd a lift coefficienit
CL= 0.42. The commputat ional niesh is shown in Figure 8.

Ill this test case, the, Macli inumber is the current rioriiial cruising Maclh number of 0J.85. NWe allowevd
sectioii changes together with variations of sweep angle. spanl length. chords. anid section thickness. Figure
9(a1) shows the baseline wving. Figure 9(b) shows the redesigined wing. The paramneter "was chosen such
that. the cost function corresponds to inaximiizing the ralige of the aircraft. Here inl 30 design iterations the
drag was reduced fromn 137 counrts to 117 counits anid thle structural weight was reduced frorii 198 counts
(80,4180 1ks) to 161 counts (75,0010 Ibs). T1he large reduction in dlrag is the resuilt of the increa~se in span froni
212.1 ft to 231.7 ft. which reduces the iniduiced drag. The reidesigined geoiiietrY also has a lower sweepi angle
and a thicker wing, sectioii iii the iiiboard part of the wing, which bo0th reduice thle structural weight.. Moreo(ver
tI ie sect ioa n iodliflicat ioin prevenut s t lie formi ation1 of' sh ock . The baselinie anmd opti miiized plan lorriis are shoi wn
inl Figure 9(c). Overall, the re-design with variation lplanrirn gives imiprovemienmts in both aerodynaiiiic
p~erformiance and structural weight, compared toi the previous optirnizat ioin with a fixed planforin.

Redesign of the BAe MDO DATUM wing

To further validate this lplaiifornin-and-sectiori trend, we selected the I3Ae M1D() DATUM wing, a wing that
has been designed withI relativelY modern tools. At its (rinsing Macli .85. t his wing hils low sweep angle and
high thickniess-to-chiord ratio) sections.

This test, case presents a tecliiical challenige to the optimization because thle B3Ae and 13747 are designed
tor operate at t he samne fligh t condrnit hion ando t.heir 1)1a iifornus are sized iii thle samev rangeP. hlowever thle or iginialI
swee'p of B3Ae is already smialler thian the o])tinlimiil sweep of B747 aind its wing splan is already longer than
the olptiminim span oIf 13747.

Figures 101(a), 10)(b), and 10(c) show the origfinal wingp. optimized wing, arid their planiforirs reshrect~ivelv.
Despite of low-sweep, long-span, arid thick-wing-sections orf the original winig. the olitinial wing hans less sweep.
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Figure 8: Computational grid of the B747 wing- fuselage

It n iger spanii anid thicker wv i n sections. B ut thle chin uges in thle pianfi orini are not large. WVit h t hese elhange,"
the opt innmil Wing- shows iboprovenmelit in 1both (1mg and weight. The dlrag is redulced from 164 counlts to 1 15
couits. and the wveighit is reduiced froni 480 counts (87,560( 11)5) to 476 couints (86,98(0 Ibs). This op~timiizedl
T3Ae wing strongly agrees with the trend suiggested froni the B747 and MIDI 1 cases.

This research is documeneted ini the thesis of Kasidit Leoviriyakit, entitled "Wing Planformn Optjimization
via ani Adjo int Met hod".
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Fi gore 9: Redesign of Bocing 747 wing. using section and 1 Ilanforn • o dific at ions. The optimn1n winl hi as
longer span, less sweep, and thicker wing sections. W\e also over-plot the optinmbin planforin form our inviseid
calculation to indicate good agreements between the inviscid and1( ViscoCus optimizations. Top left: baseline.
"1op right: Optimized. Planforin (Baseline : Green, Optimnum : Blue).
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Figure 10: Redesign of BAe MDO DATUM wing. using section and1( planou ri-i miodificationis. The opt imumin

wý,ing; has longer sp~an, less sweep. andl thicker wing sec-tioins.
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Two-Level, Multi-Fidelity Approach
to Multi-Disciplinary Design of

Supersonic Aircraft

Thie conrep tit al/pr-clilfina ry desingi of* sulpersonici aircraft configurations reqfuires at ililt i-(iscifpllinarv
appIroach that provides the designer with iniformnation regarding the key t radle-off's between thle disciplines
participating inl the design. At the saine time, at these stages of the design. the availab~le tools must provide
"a level of flexibility that permlits the exploration of large areas of thle dlesign space with significant chianges, to
"a b aselinue con figitrat ion. Ini order to achiieve c redIibl e results on e would like to use hii i-l-i deli ty m odlel ing t ools

ao till of the( coiimpo nen ts (and iutera c tions) of the design. T his enil hI owever. b e prolib1i t i elv expen 'siv a(ni d
inl addition. it maY signiiicaitl l v dlecrease the ability to imake dfrastic muodificat ions to the aircraft conifiguirat ion
inl qulestioni. As, our work has priogressed in this area, we have comie to realize that a truly hybirid, iimidtt
fideletityv a pp roncl t hat is properlv nin i lge is one of t he am mswers to thel sutiersI (Iiic design probeimii. W~C are
currently pursuing a two-level approach to the design of' a supersonic business Jet configurat ion where we
combinue a concuept nal, 51 I PLEX-based, low-hidelity optimnizationl tool wvit Ii a hierarchy of flow solvers of
ii ic reasi i g fidelity (inlchifinli i si 1111)1ified aerodyi atii ic ii iodels, a I linearizedl pa midniet hod andl hothI st ruIctuiired
andi unstructuired EuIler solvers) and advanced adljoint-base(1 Sequeuitial Quadlrat ic Prograinning (SQ l)
op~timliz'ationi aplprom-ches. Although this kind of aircraft has been studied in the past within the( context
oif low supersonic boom, in this work we focus on the acrod ' viainic, performanice aspects alorii: 1no at temipt
is imide to reduce the( aicouistic signatunre since this has iiot been a driver in imiilitary applicaitions oIf tliis
tech noblogy. Thle results show t ha~t this pa~rt icular combhiniat ion of mode ling anid desigii techniiiques is qil ute(

effective to p~roduice (designs wvithI optimum performiance t hat meet or exceedl all of the( design c'oustrmint s
(f thle pro iblemi. Ill addIi ti on, we sI how thIiat hiigh- fi deli ty av rodyla mic shape optimiiza t ionl t chniiiqufles for
.oilt-lfe(x conifigurations (suich as the ad joint uiethodl) can be effectivelY used witliiii the coiitext (Ifa truly

iinIl ti-Ilis if diiiary deosigii envi ronl nici it.

Ini t his work, we combnhiie ideas ofnimilt i-fidelil v anialysis akil( design m id a two- level olit id zt i oin prce-
(lure inito a hyb rid concept that inicludes:

1. Thel( Program fir Aircraft Synthesis Studies (PASS): a lrulti-discitplinarv' design tool that inicorpoirates
carefuilly tuimed fatst models for the wilrious dliscip~linecs ill the design and is ab~le to (teal wvithl all tilie
rim aor objective fullictiolis anid con~strainits ill t~ypical aircraft svnt hesis piroblemis.

2. A Iieira rcl i d . 11 if lti-ti (Iefit y resp~onse surface gelierat ionl tech ii ique th fat liuses results froill c lassic al
Suesonp 101ic aerodl laii a hs. a linieariizedl S1upersonlic paniel code ( A5 2 / Paliiair), andl unlstru ct.ured a ohaptiye
Euler solver (AirplanePluis) to creaite iiodels of the aerod iiainic performance.

3. Antom11a1ted toolis tInse( o1 1)1 acom11moni I geonlietry (1(1 taba se to d1rivye the ana lysis tools thfat, air uised ill
the( genera~tion of the respionse suirfa)ces in this puroblemn (BOONIh-IJA). This ('AD-to-solution procedu ~re'
is tuased onl the CAPR I CAD-interfance of Ilaiumes. thet A5t)2/Parnnir amid( Airplam ePlis flow solv~ers, aiid
the Cenitaur mlesh generationl systemi.

41. Adjoiiit aerodviiaic lnlicsae opt imiizationl tools for bothl singole-block wing-bodY comifigurations (SYN87-
Sf3) and niumftiblock complete coiifignirt ions (SYN I (7-MII) t hat use iniexpenisive gradient calcuilatiuuiis

withI larger lulllilbers of (designl variables to miodify the twist andii camber distribuitions of tIle, wimng
(without chlanges to the wing planform) and~ to achieve the highest aerodymiamimc performlance.

More details of each of tile, comiponuent s of thlis work catn be found ill the apfiro])riate publicationls listed at
th~e end (If' t Iiis report.

A typica)l iunstrucltuiired sumrface nileshI for tithe tyfpes of airicraft confi igu rat ion s i qfuest~io i call be Seeni ill
f-igure I I below. lThe result ing flow solmutioni is shiown iii liigmmr 12.
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Figure 11I: Unstructuired tetrahedral surface mesh aroundi full biaselinle configura tion

Multi-fidelity, Multi-Discipline Design Approach

This section exp~lains the procedure we have used to integrate the tools dlescribed ab~ove iiito a. single aayi
andI optimnizationi capability. The concep~t is straightforward: if tlhc Iiiulti-fidlelit 'y analysis (clalability cani
be used to create response surfaces for the dIra- c oefficient, 1 D , the corresponiding low-fidelity mlodulles
in PASS cmn be repilacedI by these response surfac fits T Ihis makes for a remarkably simple ilntegratioln
problem aiid also p~rovidles us with the ability to predict tle changes in aerodynamice perforniance resulting
from wing section changes. The baseline version of PASS is unaware of the actual wing sections, usedl anid

as es that, whatever the sections are, they have bee ai djusted in such a wa~y that thicme ni ws

dlistributioins are optimal (in the sense that they get c lose to elliptic load dlistribuitionis in both the spanwise
arid( strea~mwise directions). PASS can theni be used to generate optimnizedi results arnd the outcome of the
optimuizationi can be ainalyzed using the high-fidelity tools to enisure that thle response surface fits p~rovide
accuratec representations of thle t rue high-fidelity responses. The level of accuracy in the response stirface
representat ion depends greatly on the iiumnber of high-fidelity ealculat ions thiat are used. Since we are try' ilo
to mlinimnize this niuimber. we will undoubtedly incur soiie errors in thle fits. The validity' of' these hits is
typ~ically assessedl by (direct analysis of the resulting optinmizedl designs uisinig two different Enler solvers.

Our niulti-fidelity approach to the construction of the response surface fits relies on a. hierarchy of' thiree
di fferent awrodynamnic analysis rmoduiles

1. PASS internal analysis based on classical aerodymainiics.

2. A5(12/Panair suplersonic linearized p~anle code.

:3. Euler solut ions1 of the highest fidelity using uinst ructumred incsb (with a total of around 1-2 million nodes
for the complete configuration) - we refer to these computations by the label "Fine Euler (FE)."

InI order to obtain responise surface fits of t~he highest, fidelity one, could carry* out a large number of FE
solutions and fit the resulting- data. tlnfi'tuinatelY. for large dimensional desigmi Spaces (we will be using a
total of' 2:1 design variables later oii), accurate fit~s requiire a large number of function evaluations. This is
particularly true in our case since the ranges,- of variation of each of the dlesign variables will be rather large.
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Figure 12: Upper surface pressure distribution for fuill baseline configuration using AirplanePlus Filler cali-
cuilatioii

lh llaii (i ject we in t iiis Sect ion is to genlerate response surface fits of thei saite qualidty/i(uiiVtfa
would lie ob~taiined by evaluiatiiig the FE solutions only. bult. at a much redluced1 cost. We accomiplish t his ) ' N
relfying onl a fundamental hiypothesis that will be tested1 inter onl: the higher fidelity tools arel onlyi uccdcThd in
small regions of the de~sign spaie vihere the lower fidelity models have cxlwnstcd their r-anqc of aipplicabilityj.
This is bound1( to lie true as it is the premise upon which aerod ' nanuc designi hias, been predicated fo r thle last
50) ,years: aerodYnarnicists and~ engineers use the fastest. tools for a specific purpose (when they are kniown
to work well) and1( switch to more timne-consuming, exp~ensive tools oinly when they are needled. For exaunple.
in shupersonic design, classical equivalent area concepts and linearizedl panel co~des canl providle very accurate
results as long1 as non1-linear effects (such as transonic flows in the, direction iiornmal to thle leadinig cilge of
tile wing) are not present and viscosity (toes not p~lay a domfinant role in the solution of the [1(ow.

Wilit11Ihis ill Inlind, we, have used thle following fiv-e-step p~ro'edfure to create the response surfaces used
iii this work. All databases of candidate designs are obtained by populating the design space using a Lat iii
I-lvpercuhe Sampling (LII1S) technique.

1. Run a large dlatab~ase oif candidate designs (> 8, 000) utsing the aerodynamics module in PASS. Each
evaluation takes roughly 1 second to compute oin a modern workstation (Pentiumn 4. 3.2 GCII'). This
evalutat iou also flies each aircraft through the inission and1 returns a mieasulre of the infeasibilitv o(f'
lie designi (anl L-2 normn of thle constraint violations.) Those dlesigns, t hat, are Found to significant] lv

violate the ne(fuirei-iiieuits/coiistriints of the urlission are renmovedl fromr the dlatabase and are 11(oI lowger
considered in the response surface creation.

2. Ruin tfile remiaining dlatabase of' candidhoate designs (ýý 2. 500J) using the A502/Panair solver. E'acfi
evaluantion requires about. 10 secondis of CPUJ tirne on the samle modern workstation.

3. Select the design points whose relative error for C~j (based onl the baseline dlesign) is larger t hani a
specified threshold, . pj'sS- 450i2, and analyze only those designs using the Fine Euiler (FE) approach.
Inl our work, we have set this threshold to abouit 45 (X resulting imu a nuimber of high-fidelityN function
evaluuationis in thle nieighborhiood of 200). Each FE evalutation, frorm beglinning to end, including geoilnet r ,
and miesh generation(tliv bottlenecks in the process, since they aroe run serially) requires abiout 1f)
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iiiiniites of, wall (clock I uric. 'Ihe( flow solurtion portions1 (uising AiridanePlus) are rimi ini parallel using
16( Athilon AM D2 100+ processors of a Linux Beowuif'cduster7

1 A baseline quadratic response surface fit (using least squares regression) is createdi for thn CI) oi t ailie
with A502/P'aimir. Thie err-or between the values of the FE evaluations and1( the predict ions off hese
(j Iad(ra tic fit's is a pp rox imated wvithI a lxriginug inc ti od, and I 1 e resultinig app roximination1 is add1 edl to tile
baseline (fladrat ic fits.

Ini suitii, the response surfaces provided to PASS are the addit ionl of' the qutadrat ic fits based oli thle
A 502/Panair results and the Krigi ng fits of the error betweeni the FE solutionis and1( those (quadrat ic fits.

Figure 13 shows the result of the over 2.500t canidi~ate dlesignis (green (lots) evaluated using A5t)2/Pnnair
that are ret a ined after t he initial filIte'ring oif' over 8,000 P A SS results. Thel( redl (lots ini the Figure ind(1icateI
those candidate designs for which the p~redlictedl values of' CI) are off by mole thian ( pASS,, A,t502 > l5W
betweeni PASS and A502. Note that a nuniber of these redl dots have unireasoniably large values of C)) sinice
the geometries andl design conditions are such that the limiits of applicability of A502 are exceedled. These
poinits for which the disagreeienet between PASS aind A50)2 is large are taken for furthier evaliuat ion using
FE'. Figure 14 shows ini blue the results of the FE anal 'Nses for a subset oIf aboult, 200t of thle red A50)2 results.
TIue( final result is a set of FE evaluiat ions that are imeant to be clhist eredl aroundl the areas where the lo wer
fidel itY mo11de(lsl cannilot accu ra telY predict t.he flow phYSICS.
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Fi.-urv 13: Database (If PASS (green) and11 A502/Panair (red) resulits.

Thliis Irilit i-fideli it v p rocdu'i re has. t o s ome ex tenit . t.he fl avor of 1Rich ardson 's extra polat ion in that it
recursively u ses resuilts5 fromi diiffereint fidelities to arrive at a final aiiswer/fit. It also has an adlapt ive natulre
to it, as results froiii the highler filelitv mod~lels are oiilv evaluiatedl in areas oif the desigii space where thle lower
fidel.ity 1111 dels au-c i(I11ll( to I IC illsuni iciciit lv accu ratIe. 11t thle h iera rch ,v of mourdels is chioseni in such a wa v
that tlile arwas whiere tile lower f ideIi ty m odeles f'ail ale small clomdiipa redl wvith the Size oIf tilie (lesigli sp ace, tiell'i

h le p~rocedlure describedI ab~ove should be quit e effective ill prodluci ng results that are of' nearl y hlighl-fidelit y
over the entire desigii space. Our1 experience sholws that this is the case for aerodynanic lperfolriianle: thle
PASS aierod.ivuanlic modiule is qulite goodl at predicting the ab~soluitelI best. wing (lower bolundl( vCtiiliitl' on1
the 'j) ) that could hbe prodluced if conisidlerable design wrirk were dIone oii the (olifiguration (poteiit~iall 'v
using adjoint iiethods a111( a hiighdi-(imeisiorial shape p~aramelterizat~ioni). However, it is uiniblhe to p~redicil
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Figunre 1/1: Dat~abase of PASS (green), A502/Panair (red) and FE (blue) results.

s01iie of the finier det ails oh aecroily iin iiic perfor im lice aind c ertainliiy failis wh eni t ranson1 ic effect s are pre senit.
A502/Pailair is also uniable toi deal with t ranlsonic flow effects but. produ~ces miore realistic results thaii the
PASS analysis as the actui~al geomietry of the configurationi is truly accounted for. Finally, the Eulder models
are quite good predictors of the aerodynamlic perfor iina iice of the cominplete aircraft, as lorng as viscous effects
are not (loinlinanit. It inust bie imentionied that, since sonlic boomn has not b~een corlsiderell inl these desigins,
the Coarse Euler (CE) evaluations which we have uised in previous work would be suifficient as the differences
inl CI) between CE and( FE calculations1 were found to be sniall (less than 5 couints) over the large ranige of
variations pursued in this work.

Second Level Optimization: Complex Configuration Adjoint Method

Non-gradient b~ased 111(4tloas (direct searches, sininllex miet hod, genietic algorit hmls) have been shown to
work with a wide range of problem typ~es, and the additionial complexity required t~o compllute gradlients,
approximiate Hessians. perform line searches andm determnnie the op~timlal steps,. is niot needed. These propert n's
have a tendency, to na ke t his search pirocedures -simiple and robus-t.

In addition, these search p~roceduires are able to handle rather noisy andl large (design spaces. nmakinig
thelil a reasonably gool niattli for conceptual dlesigni procedunres. ats wats mnentiorled inl the Introducticmon.
However all of these algorithmns tend to require at very large number Of fun1ctionl evalUatiOllS tor conve'rgenlce
and thI erefore t heir compu ~it at 1ional cost (.,.,i be very hiigh.

Oil thle OIther hianid, if a designi problem shows a smooth resp~onse to thme variationi ill the design varia bles
and gradhient inforinat ion is readily' available and can be obtained iiiexpeiisivel * (as is the case withI the
'I j o i t ii et 110() grad ienlt -ha sel optimiiza tioin techniquie is caii be shown- i to hiIave signifiiican t ad vanmt ages oe
iion-gradieiit search p~rocedlures.

lIn our approach we are seeking to conibiiie the advanitages of both gradient.- and1ioi-rden-ae op-
timizat ioin procediures. As mienitioned earlier, PASS uses a sinlulex mnet hod and is able to Iproduce reasonable
(hesigns (uising a inaxiniunii of around 20-25 dlesign variables) even with very large variations of the designi
variables. Oilmce the simplex metliod has converged to aii optimluin (local or glob~al) we mnay limfit ourselves to
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Cruise Macli 1.6
Rlange 1000 1ii1ii

J3FL 6,500 ft
Minimum iiistatic inargmn 0.0
Alpha limit 150
MITOW 96.87(6 lbs

Table 1: Performlance reclufirellilents for optiimizedl laseljule colifiigur-at iou.

si I a 1er chIani ges inl tile conf iigu rat ion. Thiese ch ang~es are ii i( e hikelY toi result oiu well- belhavedi design spawes
that caii be tackled with anl adJoiiit procedure anld a gradient-based optimization algorithmli.

Ill t his second level of (airl op~timnizations we linfit ourselves to miodlifications inl the. twist and camuber of'
thle wving. while mlainitainling the sanie wing plaiiforin. fuselagpe ando relative positioning of' thle nacelles and
eiillpeI~ l mage.

Twxo dIiftferenut tools are availab1)1e for thIiis portion (of tilhe ov-erallI optimnization:

1. SI'N87-SJ3. A single-block. wiiig-bodv Euiler adjoirit optimizi/ationi code that uses the NPSOL SQP
algorithmn for the optimiization with or without constraints. SYN87-SB allows for arbitrary changes
to the shape of the fuiselage and wing andl is able to enforce thlickness. curvature, anld fuecl volumilii
coni stra ints,

2. .51N107-MB. A imilt i-block, complete contiguratioii. RANS adjoiiot opltimilzation code that also uses
the NPSOL SQP algorithmn for olptimnization and that allows siniilar geolnetry coiitrols, cost fnnctioiis.
aiid constraints as SYN87-S13. but that canl he niacle to treat arbitrarily comiplex geomiietries suich as
the coimplet e aircraft conftiguirat ions that are thie subject of this wvork.

Optimization Results

For sublsequent, design work, aii optimized baseliiie geomletry was generated by running the standard version
of PASS for a miissioni with the performance objectives summarized inl Table 1. Mission requmiremienits anid
"lomnet rio constrajints for the baseline configu-ratiomi were based onl niinlle~rs that. were felt to be rep)resentait ive
oif currenit imiduistry initerest. 11lw( vailue of the MITOW is the result of thle optimization a~s this wa~s the object ive
funlctionl of' the (lesigil. As mentioned before, inl an effort to generate an aircraft achievable using current,
levels (If technolo~gy, advanced technology assumlptions were keplt to a ininiumiiii.

Thel( values of the (lesignl variables for the resulting b~aselinie configuration (which are also used as starting
points foir subsequent desi.-ns) are p~rovidedl inl Table 2. Note that the values highlighlted ill red were hlot
allowed to Vary duiring this initial opltimiization. Inl adhditioin to these variablles, 6 variables repIreseniting thle
radii of fuselage statioiis located at 55/, 10%. 13%,Ye 62.5/c. 75X. and 87.5% of the fuselage length wereaddl~edl
to alloIw for perforianice implrovemuents andl to mainitaini cabini andI cockpit compartment comistra ints. Final l v
wing- sectioni chang-es were allowed at three defining stationms. The twist at the root /symm iet ry planle section.
the( leading edlge crank section and the, tip section were allowedl to vary. Furthierniore, the value oif' ilie
iiaxiiiiumi cambeir and the location of niiaxiinuin camber wvere also allowed to change at the first twol win-
deiniiig siatioins. 'Ilmis miakes (ill for an addition 7 designi variables for- thle wing.

High-Fidelity Validation of Optimization Results

TIhie aerodnli a mic per formiianmce oh' tilie cofi.-Ii gru t io is pred icted by PASS coinbiried with thle responsei5 sm r falce
hits should be validated wvithI our highl-fidelity tool, AirplaiiePlus. As menitionmed above, although the resuilt s
of the Eufler validation are slightly (different froni what the fit predhictedh, thle optimized configuration shows a
good imiplrovemnimt inl aerodyiiamnic plerformiance while satisf 'vi ug all the niiissioui reqluiremients, A comnparisomn
oif surface pressure (distribut ions (for both the lower and upperC surfaces and ill side view) is shown below inl
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Wing and Tail Geometry
Wing reference area (Sj) 1. 078 ft'
Wing aspect ratio (AR) 4.0
WVing quarter-chord sweep (A) 53.350

\ fil,• •lw 0.15

K N;I I Ii0.27

Location of wing root LE 0.291

Root section t/c 2.5%
Break section t/c 3.0%
Tip section t/c 2.5'X(

\ 'I : l ;il I I f >0.125
\,.v i,:•I, (ýtil A Nl 0.65

, ,l' i A 56"
\•l I m:i l A\ 0.6

1h [ ,)1 1• , 6 1~i ;11 '; ( ',;1 C ' , 0 .6

MIIli/,qzll.I h iI AI 2.0
ll,•'i/,lll~ •1i .\56"'

Fuselage Geometry
\l1,•ximx iil tri0•t,;r , ii 125 ft
Minimum cockpit diameter 60 inches
NMlinii imum cabin diamneter 78 inches

( ;l ll 0 ])!.1 It25 ft

Tiable 2: Geometric design variables for design optimization and values for baseline design.
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Baseline configuirat ion Optimized corifigulral ion

F'igure 16: Pressure distribunt ion p~lots - lower surface.

Figoures 16, t7, andl 18 Thle readler should riot ice a. lighitly larger fiselage radlius around the nose area aid
increased wing inboard sweep which has reduced the shock strength significantly. We have also createdl a
miiu t iblock mcsh6 with Iicnarly 6 milliion nodes for the opt imIized I (oifigurat ion that we intend to uise in fllure
work for comnplet e config-uration adjoint designs. Given t hat this muesh was at hand, it providedl us with
a uniquie opportunity toi cross- val id ate all of the Euler results that, had been, up to then, produced with
our minstruct ured flow solver, AirplaneluThs. T1he resullts canniot he mnore satisfying since they p~rovide nearly'
identical solutions throughout. the range of C'Ls. This is impliortanit b~ecause the airfoils across the span of theI
confhiguratilon have rounided leading edlges, liut, because of thle low thickness-to-chord ratios, it is quite buird
to p~ut enough grid resolutioni around the leading edge using nearly isotropic unstructured meshes. Withi the
inultiblock app~roach, anisotropic cells are easily created around thle leading edge and~ can resolve the effects
oif leading edlge curvature rather nicel~y. This mneans that the unstructured Euler solutions are just. as capmable
of (doing so. As an aside, we had thought earlier on that some of the (discrepancies between the Euler solvers
anld A502 were due to the iniability of the Euler solver to capture (with a coarse leading edge nileshi) the
leading edge suction. This drag polar comlparison seems to indicate that this is nlot the case.

A dletailedl description of this research is giveni in the thesis of Seoxugimi Choi, entitled "Molt i-FiilelitY
'Multi-Disciplinary Designr Optimiization of Supersonic Business .Jets"
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Baseline configurlationI Optimrized coniigurat ion

Figure 17: Pressure distribution plots - upper surfac~e.

Baseline coiifiguration

Optimized configuration

Figure 18: Pressure dlistrib~ution plots - sidle view.
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Algorithms for Automatic Feedback
Control of Aerodynamic Flows

Ali a irpl anie I y its very flati ire of' desigin, i.s nincat it to he af flow cont rol device. lbhis h~ec(n ies clear whean
onicvol siders a, stecady air flow with andc without the airp~lane. Thel( very presence of' the airpllane alters the
flow pattern, significanftly So. Through the ages, the primary goal of the aerodynriaicist has beenl to design
airplanes such that, they mneet certain pierformiance criteria. This could be, for exanmple, the una~xiniiniii range
of the airplane or the drag at cruise conditions. Lower drag iniiniediatelv translates to lower fuel conisiumptioni
aind hence lower operating costs.

The aerodynamici fperformianice of an airplane is dletermuinied b)'y the nature of the siirroundiiig flow' field
under given flight conidit ions. The nmost import ant mnotivat ion for flow conitrol arises t his:

If it becomecs possible to control the nature, of the surroundirq f1luid flowy, then it is conceovabie' tMat
both the operatni ng cnelopc andt the ecrodynamic peifortnonce of an utrponc w'tithin that en clia: con. bc
significanilly enh/anced.

Exploring techniques foir active flow cont1rol has been thle central thenie of this research. All previous
at temnptS at flow contr1ol have eit her involved desigiiing- simiplistic controls for c'ompllex proldeuns or compu llex
feedback based controls, for simple problems. Problens like separation control, drag reduction and control of
iIl cVortex sheiddi iig f-eq uci icv iii the flow past, a cylinder have all bween controlled using openl loop conitrollers.

Closed loop control has been demonstrated onlly onl simpnflistic iuiodels dlerived fromn simulation or- exp~er-
unient.

Ani Ideal Flow Control Low should have the following fproplert~ies:

1. Broadly applicable: we are looking for anl algorithmic framework for generating flow conitrol laws for
a variet ,y of prob~lemns. The development of such a fr-amework would ieuahle easy analysis antd design of
coniitrol laws for a variety of' flow cont rol problci s.

2. Scientific: thle control laws should be based on a realistic miodel of the fluid svst em.

31. Robuist should accounit for variab-ilitY ii nmeasuremient. actuation. etc. This would mneanl that the coniutrol
u should be feedback based

?I = x)()

where xr is the curreint systeuli state.

Our goal. t herefore. is to dlevelop feed back tu)ased econtrol laws that tire derived fr-om a realistic representation
of' the flow. We tr 'y to iriake sure that the framiework is as g-eneric as possib~le, lending easy extension to at
variety' of'situat ions. WvNe then (disciuss sp~ecific applicat ions of the conItrol law thus derived. inlu~ldinlg control
oif Flutter.

Flow Control using Adjoint Sensitivities

Following along the lines of the argument mnade in the previous sectioni thle Flow Control pro]ldeii con bec
piosed as the following optiimization problei:

Minimize: 1(w, u), (5i)

where w is the vector of state variables and u is the vectcor oif control variables. I represents thle qiiaut it ' N
beiiig controlled. It could b~e a mneasure of the drag, exp~ressedl as a chifference betw~een thec cuirrenit surfiace
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pressure dIistrib~ution anid an ideal surface pressure dIistrib~utioni that has ruininium dirag. I could also be a
niicasure of the dleviationi fromn an equilibrium condition. For exam ple, ill tie case of' filutter control, I is
clo~sen to be ai measure of the phinlge and pitch of the wing. Minunizing I inl this conitext is e(lInivaleiit to
bringing the systemn back t~o equilibrium.

The state vector w conisists of the Eider state vairiables at each Finite Volume inl the domnain. Thus. if'
there are a m1ilhlo Cells inl the domain, the dimension of w is live millioni for a 3-D flow. I'he control vector
ui in our case, consists of thle surface norinal miass fluxes at every cell along the surface of the wing. 'The
dimensionalitv of the control vector ii is much smnaller than that of the state vector w.

The optimal control u is one that mninimizes the cost, functioni (5). The first (lerivat~ive of thle cost
function wvithI respect to the control variables, u is

du Ow ')u au

While the second ter-iii is fairly straightforward to evaluate, thle first is not. This is because thle state w anid
the control um are related by thle Eilcr equations which are of the form

Iii the A djovn t framework, we (d0 niot evaluate the partial dlerivative explicitly. We first note thatt
Equation (6) is identically zero. Therefore, it is permissible to nmultiply itý 1 y a Lagrange multiplier %P' and
add it to Expuation (6). This gives

(if alI aw a I 7 jaI"''w aut
(11 w ')u + 9u 1, -a" +u -aJ(

Rlearranging the termis iii E'quation (8) we get

dI aiT 7' a?' OW 0 91 ORDJ
du - OW ± OW J U OU~ 5111(

Now 'I' is anl arbitrary mu It 1)1 ier. \Ve c-ali chioose it, to imiake the0. coeffi cieint of' ýA zero. TFhis is calledI t he
AdJoint eqtuationi

Th'ls,

[9w j OW

Thel( exp~ressioni for thle grandient of the cost funiction theni becomes,

G dI W1 0I T ) 1- T] i (12)

Virtual Aerodynamic Shaping

\VC test the flow conitrol algor-it lums 16rmmmulat ed ill the p~revious sect ioiis onl a Virtual Aerodynamnic Shuauiln
problem. H ere, we take anl aerodvunaminc configuration, and try to niake it behave like a nother aerodynamie
coiifigura tion under the sane free st ream conditions by implementing surface flow control.

A b)asic review of ideail fluid aerodynamics reveals that including a mnass source onl the surface of an
airfoil has the effect of increasing the curvatunre andl including a miass sink has filie opposite effect. Given that.
for ai lre-(leteruinited p~erformianice mneasure, every operaitilig condition has an optinmum shape, it, follows that
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a coai t it at it ii of, a sh aj ) t hat is oi t iiil for' mi opeiatim hgcoild it i~i.(o t c ltiibile C 'with Ii S iitabily itlact('( still t 's

anid siniks will i'(slilt ini a svsteni tha t mieets 5opt inniitoi pertoriniaiice criteria, for a Ivit e ia Iwie of, opt 'a tili
('olidt ioiis.

For the purp-Ioses of this stmldy. stead Jets ,~ ar ic' sed iin order to sit 0
p. ii, tlinierca Iloel" < M as lw

are prescribed at thle wall, anld the Jets are rootdeled so asi to sat isfy th e i( ra' a velocity /fli ixci antita a is at
the wall. lIII additioli, the imett . mass flow t broglig thle wall is assiiiied to he zero.

Isj pq, d!3 = 0. (3

Feedback Nature of Adjoint Based Control

TI ~ ~ ,A it ci'im 'attilre of the Ai~'.joiW t I sed conitrol laws tliiis derived Ibecoiie clear, xv liei thle Ad(j~i o tiif biit a rY
tianldit itius arit examiii iecl

The Adjoint Boundary Conditions for Virtual Aerodynamic Shaping

W\e 1)05 tii at e t.hat I lie heha vior of anI Y aer-ocylytian u conligmatra t ioat am iv reest reai n tiaidit ioi t is tde ii a '
by its suirface pressure (list ribliitioii qa(,r). Tuwhenl we talk about eirt'uaiiij shapinig onie cotfigttrat ion
t~o behave like aiiother. what, we rea lly mieaii to (10 is to p~laces mass sources ai)It sinks at sufitable locat it tis
ott the coiihgiiiat io i si icl thIiat, thle resul1t ii ig prtessure (listri'b t ioii J) (ý q) is thle saime as the target p~ress tire
(list ribut ion

JO achieve t his, We try to 11iniililize a (cost funcetionl of the forml

where P' is the pressure at the surface with n)o conitrols, anid Pd is the dlesiredl targevt JpressliiN'. Observe thfat
this cost fniictionl is a, special ilistan~ce of the imore genieric cost funictioni describ ed ill Equaition) (5). WeX' canl
clhotose (iii c'moptitat uimial co-ordiniates suich thaint!] = t['3 = () anld the n1orml-8 direct itoi is a l0tig 9 "02- Whlt'i
lie blowving velocities p~rescrib~ed at. the wall aire very small, the A djoiri t lotiiiary contlitimn rembices to

t'& onl 83 (5

For 1,'ji/a"I Ac'iothpioic i.Shopniiq. t his is simply

( P - fld) = t~'2 S21 + ý'3.S22 + -5.23.- (Ij)

The '(toi'resp~l( uiti ig .4djoin I g tadil 'tt catll thvlt fii l tally be exl)ressed ittipl icit.lIy by th c(lt ttatitml

±' '('2V + t':tVc * , ' 1 1) + V5 E + '(17)

It can i' bseeri from Equaitioti (16i) that the Ad~joirit hountlary conlditioi t is tlepetleitt onl die differenlce bet xeeii
lt'e dt'siretd state of the system ! ,J aiid the ctirr-erit state of the system I'. MoIcreoiver, H'qtiat ioni (17) cleairly
shows that thle Adjoirit ( radlieiit tiepends caiily onl the flow variables at t lie btaiidarie~s, Thuis, it is t'lt'ar t hat
the Adjoint based coritrol thus iderivedl is Fecdback btased.

It shoultl bec iuotec hiowevevr. that the' AdJoint ecloiatioii is solveth lising tit'( ctuitmittted state oif' th fltoItw
fieldI all in]loi t th leiit'ast au I st ate. 'Thiis bI ~amsst's th ic' ied f'oi' globI al ii aslea t et iiei ts 11' theit flow- lieht I
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Results

2-D results

Al a PAH-82 airfoil was op~timlized for mininhmum drag at a Mach immahner of 0.77. The airfoil was constrainied to
operate at, a CI, of 0.(i. 'Ihel pressure distribution of the opitimnized sectioni was iiseol as the target distribuition
for the flow coat rol case. where hlowinmi anmd suc'tion is used to aimaiiic thle shape chanages that lead to thle
dlesired pressure changes. The flow calculations were. (olone ol a, 192 x 32 grid.

T he originial (Solid) and optimized (dotted) airfoil are shown in Figure 19. The hlowing andl suc(t ion!

0.2 --

0.1

01 J I I

-0.05 -

-0.21 ---

-0,25

0 0+2 04 0.8 0.8

Figure 19: R AE-82 opt imized for ainininimii drag at Mach 01.77: Original (Solid) and Optimaized (dotted)

veloc.ities that produce the same pressure tlistribuition are shown in Figuire 20), As e'xpected, the controller
impjlement', blowing onl tilie lower surface and suiction anl the upper suirface. This c:orresp~onds very well with
the shape change being represeated, where the cuirvatuare is increasedl onl the lower surface anid (decreased il
the upper surface.

0025
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Figurte 2f:low 8 '~ control agrtmdiveloite on the vrulowero(left) icdesg upper (rihti)eufaes fore deireda reslts.-

26



0 1

2 -2
0ý 02 OA 0.6 0.6 1 01 02 OA as OR

Figure 21: Pressure (distributitions: target (solid) and actoal ((lot ted) before (left ) and after (righit) flow

Reduction in the number of actuators: Design Trade-off

The resul1t s inctluided in thle previou s section were for the case where bilowing and Slit t it is imi plemen 1t ed
co ait. inioii1s ly alonig thle stirface of thle air foil. Impllemtent ing t Iiis is n ot pin(t ica I. NWe therefore tryv to ret it e
the iii intl ir of actutintots.

NVve would pirefer to autotmatically arrive at the opt imum nutmnter of act uators needled, and~ their locntions."
We do this by looking at the, Adjoint gratdient. The Adjoint gradlient represents the sensitivity oif the (tost
finetict in withI respect to the conitroil variables. The numerical valIueis oit the grin Iient tderi vedthutlos indictltate
which Controller locat ions ate m iost effective andl which Cootrtoller locations are least efFective.

In order to framre this mnathenmatically. we (hose to include all locations where the C'ont~rol intuit required
was at least, 70 percent of thlit where thle effort was inaxitnriu, and set the hlowving/snct ion velo cit ies at all
other locations to zlero.

if' pq,(~ 0.7 mtax fq1 , . pq,( W = tt0(8

It Cart be seenm front Figures 22 antI 22 that, stuction Control is appiliedI only ' v etweeni about 5 percenit Chotrdl
nitd 3(0 p ercen t Chord ont thle ilupper surface, aniid no Coot rol is atpbplied o (thIerwise . The tian gitt i I of suit'ti on
requiiired is ab ou t thle sitmilt as that itt t I e cott i tuiouls conttrol caste ( 2t)

Dcsigtt Tr~ade-off: The rtesults of tltis experimnttt Cani lie seen in Figure 23. It Cain be seetnt thtat the desired
pre'ssure (distributitoni is almost ob~tanied. The match betweent the tdesired andt actual pressure (list ribit ituits'
arte qi it e Close t'spe i a llY' at, thle leainiig edlge where the Cont rol is ap1))1ied . Int generalI, we tmake'i tat tC1mpromiise

whten we miove' ftrotm itfltite dlimtentsiontal conitrol to finiitte ditmeinsiontal Cotroitl. The trade-otf betweetn thle
level of Cotntrol acenracY dlesired and the ntmaber/locittion/size of the Controllers that can be imtplementt edtt
is a (designt choice. Thme Cturrenlt sectiont imerely p~resentts the algorithm tha~t one wouild tise to stutit t he
rainmiicatituts of' suchl a t ratheoff.

3-D Results

Fitnally. we Clack to st'e if' we' Can achlie've simiilar results itt 3 dimtetnsions. The Surfance Pressure distrihlitit iut

of ani ONER A N16 wing, Constrainled to operate' at a (71, of 0.3 atnd a Machl nmtitber of 0.81 is showtn in Figure
241. Wie tryv to aichietve the satine surface pressure dlistributtiont at thme saint freestreami (Conditlions for anottthetr
winlg thlit has a NA('A 0012 section. The flow Calcuilatitons are p~erfornmed otn a 192 x 32 x 48 grid. It taut
be seen front Figure 21 that. aifter 5 tConmtrol iterations, the surfacte pressurte (distribiutiotn resembles that of
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FI~igre 22: RAE-82: Flow co)ntrol velocities on the lower (left) and upper (right) surface for Virtual Acroty-
nainic Shaping -reduced nmbei~r of actuators
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Figure 23: Pressure (loctribut ioi ls: target (solid) anhd a(tual (dotted) after flow controlf- Reduced nma ber oi
Acrtuators
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lhe ONI:RA 1\1. Thel( pressure distributiouis along the front portions of thle wing are almnost identical, 'Ihe(
presure distributions along the tra-iling edlge exhiblit at slighlt difleret ce. The origit ml pres~sulre dlist rii nit to )11
onl the NACA 0(1 2 winl,, is shown inl the dotted lines.

ONE A MOInM MACA 0012 WING TO ONERA NO TARGET
lMd. 0 00 Akft .W.0 M.&h010 A40NAA13
CL 032 CD 001372 CM4-1894 CL. 0295 CD.0,015%6 CKM000
z0n00 0 hO.. 0.70W4.00 Dn MO. 10 R. t0I .60 9E.01000
Glid [POX 20XV 6,0. 13X 3x0X4

Cl-? 025 CU0 00 CP. -2D Cl 0-2 Ca 044 Cd16

Cp.-00~~ - -o-2 - - --.0 - - - --

-* 
- --

"IaOO.O 6150nodPM 00IS.-50 4 2% 0.s0-Sp. k S d.0 629 S.0.Op...W .o 2 d.
Ct 0 251 Cd 004061 CbO-054$ C1 0321 C4 0 0006 Ca-0,0794 Ct 0406 CA. 00375S C-042112 C1 0213 Cd0251V Ca-41015

Figure 21: Clp distribu)tioni over the surface of an Oriner N16~ wing it Al 0.84 and~ CLj = 0.3 (left) andn
Virt'nal Acrody'nanlic Shaping of a NACA 00112 wing to miatch the surface pressure dlistribuntion of anl Oiiera

N\16 wing,,at III = 0-.81 anld (CL = (1.3 (rig0t)

An Algorithmic Approach to Flutter Control

The struictunial dlesigni of ani airplane is guidled by static arid dynamnic factors. The mnore stringent constraiiits
onl the structural (designl are (due, to (Il'viarniic loads. causedl by nero-elastic interactions. One of the most
cottuttitly entcountitered lpriblemrs inl aeroelasticity is flutt(er [1]. at termi that is used to recognize the tranisfer
of energy fronm unsteady aerodynlaimics associated With the surrounding fluIidl to) the wing structure, tesiilt iii
lin rapidlyv divergent behavior. If flutter ('an be controlled at cruise speeds, we call design lighter wings
Anid consequent]*N lvinure efficientit airlplaties. It is therefore. inl the aircraft desig-ner's best inuterest too design
innova t ive ways ill whIich hiluntter can be controlled withIiont m ak ing the restul tinrg structure too heavy.

0.1 8

2-D Flutter Conitrol lin the presentt sectioti We will investigate the aeroelastic behavior andi cotitrol of ai 9-ID
airfoil whose schemnatics is shown inl Figure 25. A 2-D airfoil model can be shown to beafi1e1rsttt

for flutter p~redictio~n ats shown by 'I'he~odorson andl Garrik [31 of a straight wiiig of a large span by giving it
lie georiletric andl itiert ial piopert ies of thle cross-section three quarters of the way froiti the cetiterlinue to thle

29



Nviiig- tip. Tihe equamtionis of malt ionl of this simpiile 5 stein) cali b~e showii to be as foillows.

h ~h>

k

1 igoule 25: Irpical Section W\ing MlodeIl( Goietrv

n i -ri + O S,6- A'/, b - L (9
S'j? + 1,6 + l¾~o = AI,, (20)

KI, and A-,, are ielprebeiitat ive of lie beniniig and torsioinal st iffiies's of' thle Wingp about its elastic ilxis.

11e eIlastic axis is thle locus of poinits about. which, if a force is appijedl, doesnit result inl any rototioli
abouat, that point, vin anid 1, are the mass and imomient of inertia of the wing sectiol n abiout the elast ii axis.
S~, is the coupling terml which depeiids on the relative position of the center of gravity and the ehastic axis.

Wie assume thfat the structural properties are fixed andl we have some arniount of control of the righlt
fvin id sides of EqaioflntOs (1 9) andl (20) via. bldowi ng aind( suictioni. Thle ob jectivye is toa fil ni t suitable con t rol
law which will niodi fy thle aerodyna~mic termis so a~s tio prevenit flutter.

Computational simulation

The fnow is simiiiila te boIfy sol viing t he iiist ead *v Enider eq unationas. Thle En /cr (eq uationis a i'e sollved usini g a duiall
iiie steppiiig iiet hod, using a t liir-dordler bacýkwNard tiff'eireiice ýfornuiiila in tie iniiesvanda symetric Gauiss Seidel

scheme for sollviiig the innier iterations. The above mentioned flow siimilation codle is imitegrated with a two
degree of freedom structural model givenl by Equations (19) and (21)). The couipled nero-structural system is
integrated using the Nuivraark schenie. The simulation techniques are discussed inl detail inl Chapter 2 amnd
Appendix B (of the thesis oIf Palaniappan 's.

System Linearization and Model Order Reduction

Ili Equations (19) arid (20)), the struictural parameters iire constaiit.. The lift L aiid the inomneiit Al are
comiplex fuionlincar. funlctions of the systein state w, ov. o *, hi and hi. Moreover. o. 6, h and hi are itself
funictions of the s , stein state w. Here the state w is the vecto~r consisting of all the Eidelr states at all fiiiit e
vi il nim ns uised inl thle simiiiat hion. Thinis

L = Lw ),(21)

Al I A I (w, 1.1 (22)

ILin ea rizing abl ot te lie iiininal opIferat inig poiiit . we get

L =w± OL"6 +O u, (23)

Al= Oam 6(W + io 6 (2.1)

It sinoiuld be i mated thalit tor a, sim ul at ion wvithI one nmiillion finiiite volil icns . thle dimnieash io of W is foii imnill ion ftor
a 2-I) sinmuolat ion ando fivXe inill iomi for a 3-1) simiunit Iti oni. Thtus evalIuat inig thle ab ove derivatives is a fhrin ida I le

30)



((llimii ntat i ona challenge. It is aliso important, to recognizi'ie tha t inoit, all th deC ir i vat ISive are si gnif icant ill theii
ad)ove represent at ion, (0osidler for examp)le, a cell inl the far-lie] d The value of' th1ei state varial ies tI hert
is not, going to change by much, however raipi(i the oscillations. Therefore, it is of very little use evahia ting
these dien'a t ives inl our lii ea rizeil Iiiorlel.

In~stead, w,,e cihoose to obitajin a suitahie rediucedi order miiiiel that captures the essential p~h*ysics. Ti'Il(
miost ohviolu5 redluctionl t hat, we can obtain is, inl ternms of a, 6, It andl h . W~e therefore work with a niode(l of,
the Formn:

L. = LO + L,6o + Ljhh + Lj h + -L 1, (25)

Al I = '11o + 11lj + AIJ,,h + AMi' . + OITu. (26i)

Eiiuations (25) andi (26i) assume that the nominal values of (k. 6. It andl h arid ii are zero, resliectivel~y. This
ha o thle flutter control problemi heing stuih~ieiL thle following. state Vector is used:

X = [I ( h /Ihr] (27)

System Identification: Evaluation of Sensitivities

Inl our aero-strucutral model (19) and~ (20). the lift L andi the mioment A/l depend onl the complete s 'ysteit
state w. However, using a full order state inodel to (iesign a c~ontroller is not feasible, given the ext~reiiielv* N
high dlimensionalit~y of the s-yst(,ni. We therefore, formulate a reduicedl or(ier imodel of the system as s-hown inl
Equations (25) andl (26). Inl ordier for this model to hec conlt~ite, we needl to evaluate the sensitivities withI
respect to the vediucedl order state x andI the control variables um.

Sensitivities with respect to the state variables

Irhe sensitivities of the lift amidl mlomlent with resp~ect to the state variables are evaluatedI in two difierenti
wVaNs.

Theodorsen theory: F-irst, we use theoretical results from Iheoilorsen [1ii. 'Illco~iorseim theory assunlles
that the airfoil uinder ( s(illSiera tion is t hini, am I is oscillating- ill all iincomiipressi Iie flow. Undm er t.hese c ins'id-

11a 2
Al0 7tii~,. ,Al Xtt

02

A!,1, () 0 Al, 7 f

hlere p) is the freestrean iodnsity, z!, is the fri ( tieani velocity anil c is the chord(iof time airfoil.

Least-Squares Method: Inl the secondl me(thlod, we evaluiate the senlsitivities, hry stu(I~yihIg the nnforcevd
respionse of a pitching airfoil, andI then estiniat ing the sensitivities 1)y a, least-squares technique. r1e aero-
structural response (if the system over a period (of time is similar to the unforcedI response reprodiucedl iii
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Figuires 27, 27. 28 and~ 28. Tihese simulations lprovide numerical v'aluies for

/I f2 M

L =f3(t)

Wie niow~ try I to fit, the dlata tbu lobst1ainied to funictionis of thie formi

L. J1,(a +- L,(d +I L1,hl + Li,1i,

Al I AJc ±,( A 16 + A1,h -r, Alj, h.

Our goal is to evaluate thec sensitivities L_, L,, Ll. Li,, Ah,, Alaý, All, and Al1 , We do this usingp a least-
sqluares tech nique.

It cain be seen from the sinmulat ion resulI ts that hotbI techiniques work quilte well ['he system iidenifict ii ia i

1)' thev least-sqjuar('s teehililhlie, wvorks slighitly b)etter, in the sense, it achieves fatster stabilization. Thiis cani
he, attributed to the fact that this represents the nonlinear system more closel~y.

Sensitivities with respect to the control variables

We also neced to evaluate the sensitivities of 1. andi AlI with respect to thbe blowing andl sliction velocities 11.
SandlQj respiectively.

We dIo this are usinig an Adjoiant inethod as outlined in Chapter

Flutter Control: Form-ulation of the Objective Function

We all defil iOIlie thi it r vclocit V as t 10t, Poinlt wI mere we ia ye su stained oscillat ions of thie systceni ILet us
definle I lc state vector x as follows

x =[a & h fl]T (28)

Th'le control vector U is the vector oif blowinig/suction velocities at thec wall. The dynamics of the system is
represented by (1M) and (20J). For the purposes of designing a conitroiller. we model the lift L and H ie mlomient
A'If using a redi n id orde'r noda el as p resenited iii Equations (25) anmd (26). The sYsteni mnodel u1sed tom design

a co nt roller is tOlin

+~ S'0 ý + K1,,/ = -(Io, + Lati + Ll,hI + Ljim + 4 '~

~S'h + I('6 + l(0 tt A f, a + A 1ý, + Ali, ±) i h + dn Ii

This cani he re-lplirased ini state spaice form 11s follows:

ANk = Ax + Bn.1 (29)

I lere t lie matrix fl? relmrves(its thie senisitivitie's of tle state, vectors withi respect, to tHie conmtrol variables. TIhis
c"aii he obltained'( by solviing the Adjioit equations. Invertinig M, wve get a systeni oif tle form

k = Ax + Bu. (0
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It is possible to designl a conitroller for thle systemr (30)) usinig LQP technifiuies [21. The objective of' the
T)roblomi is to cout rot the sYstenii gliven 1y (30). so that the( finial value of thle state vector is giveni by

xf= [o 0 hf 0 1 T (311)

If t his is rephiirasedl as alli op~thliizalt aio j1rolleili) thet objqec tive would~ bew to li ifii i iiize thle tot l0\Xi ug hi Iict hol

.1 = I ((X _ X,)T(ýX _ Xf) + uTI?11) (j,32

where Q is a p)ositive semui-(lef-iiite weighting matrix aliol H? is a p~ositive delintite matrix. Inl ouir caise.

Q. = I

R F=

where 1 is the idenitity ' mratrix. allotd is a smiall Positive coiistaiit. I? is reqiiiredl to lbe p)ositive (lefinite. to
enisure that tile -onitrol cornlpite(i is niot of mnreasorialble mnagnfitud~es.

Backsubstitution of the Control Law into the Nonlinear System

A I'ccdljck conitrol gauli matrix of thle stanifordI LQR form is theni (lerivelt for t lie lint ter !oilt rot problem. .Nowv
the aero-structioral system is simulated with blowingY aii(l suiction Control alpplie(l at the actilati r h watimios,
The mlagnitud~e of conrtrol requfiredI at eacti actuator locationi is giveni by the control gailn matrix K_.

U = KX. (3

It cani be seeii that this conitrol law was successfuil hin stabilizinig the system. '11w( results are liresvlite(i iii the
nlext sectioli.

Results

The followinig exp~er-iments were cori(ficte(l onl a s 'vininetric NACA 0tt12 airfoil at a freest reamr M achi miiiiier
of 0.A3. A 160) x :32 gridI was uised for- the CED simulilationl.

The structural lrolperties wvere choseni as follows: [_ = (60, 2)1V = 60t, Ki, = (60, K, = (6t, and .w, 31).
Ouir noniiral rest poinit is n = 0' anjd I? = 0.

Adjoint Gradients

As (lisciisseol inl the last sectioni, the Adj~oi77t methodI is used1t Ii)liid the graidiciits of lift allot imioliiieit withI
resl)ect to the conitrol variables, namely'I~ thle blowing anl(i suiction Velocities oil the suirface. It shouild be ilot~e(l
t hat this is dloiie usfing a steadly flo1w asstimipt iou a bout the iioiiiinal rest poinit of the systemr. We lise(l
svmiinietric NACA (1012 sectiont. So for our case, this niortinial rest point was at (V = 0. al)(l 11 = ti. These'
6gra(lierits are showni in 1-igirre 26.

Application of Feedback Control to the Nonlinear Flutter Problemi

The uncool rolledi aiid controlled awro-structirral shnulatioiis are repre~sentedl ini Figur-es 27. and( 28. It should~
be nloted that evenl though the fmcdhucAý law is dlerived tromi a linecarized model of the system, the coot rot is
a 1)1)1ic(l to ai (-'ll~(111 p lct e 01)11 i moderl11(1). Two dilfferi it mo ic I ( Is are u1se I to Iii 1(1 (lie acroolv 10111i lerdiivat i es.
It cmui be seeni that the least-squiares nrietliod(ldoes a better job thia i thle Tlieodlorsemi miet hod for II tcite
conitrol. This is ob~vious becauise this represenits thle riiolhiiuar systeri] Imore accurately. The corresi)n(lhing
blowinlg/suictionl Velocities are showii inl Figurre 29. It shtilitd be mioted that the freestreamn value of pq,, inl
our silmiilatiori was 1. So the values oif blowing- and~ suct ionl coniti'(ls, requiirell is quiite smiall. Moreover, we
llie(f Zero cointrol ilii])it at the equiilibriumn point, which is what wedei.
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Figure 26: Gradient of lift (left) and( mromnent (right) with respect to control mass fluxes
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Figure 27: Variation of angle of attack (deg-rees) wvith tuime: conitrolled and uncontrolled eases (left) and
Va riationu ofC(,,, wvit h time I: control led an d uncont rol led cases (right)

0.025 1' T-
Lk.-o,At~d 0

0020- - p

02 -

On.00 30

Do ir :Va tjlIop111gh/ xvi Itiiecitroldaduci1ItoleIcae(lf)anVaito( f('
xvi h ime:(ou rolle( a 1(1 ncoltro ledeass (rght

t3-1



dl023660

B.-05
00.

I.e5

-004

0 5 0 15 20 25 30 35 5 0 5 3S

Fi glre 29: lBlowiiig/Siiction mawss fluxes at the Leading Ed~ge (left) and Time step refinemneit studies for the
variation of angle of at tack withI timie (right)

Time step refinement studies

TOb ensuir that fthe flint.ter coni trol sirmuifa ti() s are correct . I he tin ie stel) for the, iioniii ear aero-stri-ict ii a I
solver is made. smaller andl snialler arid the controlled behaviour is observed. It. (all he seen that thre pat-tern
of variaition of the angle of attack with time is fairly well p~re(Iicteil hv tire solver. (See Figulre 29).

Reduction in the number of Actuators

Our- next step) is to specialize the control law thus dlerivedi to work when the number of' act init ors is finit e.
It was foimd that, hut ter (oiild be controlled with as few as four acetuators: one, each in thle, leading and
trailing edg-es aiid one. each in the middle of the upp~ler and lower sur-faces. The fact that there are only four
actuation i)oints is rel)iresented by zeroing ont the gradient. showni in Figulres 26 and 26 everywhere excep~t
at these four locartions. (E'ver-Y location is rel)resentedl 1by a smiall cluster of CFD cells to preveiit nuincrica I
instahiility and damping of the actuation valures.)

Thel entire proceduire outlined in the lpreviotis section is thenr repeatedl to derive the feedback gain inat rix
K, It can lie seen) fromn Figures 30, 30, 31 and 31 that the miatrix Ims ilon-zerti values onliy at the dlesired
locations o~f the controllers. Consequtently, actutatiion is performied only at these sites. This is equivalent to
conIt rollinig the problem with a finuite number of' actuators.

It ca,,n be seen fromn Figure :32 that flutter is cont rolled suiccessfully even wýit~h a finit e ininiber of actunators.
Ihis is an inlnportaiit resuilt. as it implllies thlit this s steni cii) beh in i leeineited oii a I ract ica1 acelm lvini aii
co (i-iihg-iat Iioll

3-D Results

W\e t hen try to control the [hit ter of a realistic airlllalie wiiig. 'I'llw wing is uinswept and thre cross-section is
that of a 6 pe(rceint thick airfoil obtained by scaling down a NACA t0012 airfoil. The semii-span of the wing
is 11.3 inchies. and the chiord is -4.56 iinches. This corresponds to an aspiect ratio (if about. 5.

Struicturally, the wing is miodeled as at l)late of thlickness 0.065 inchecs that is placed along the centerlinei
of th igsc o.Tedniy of the material of the wing- is 0.t003-168 slug/sq. inch. The Youuig's inoduluis

is 9.8,48 x 10(" slug/sq. inch mid the torsional rigidity is 3.639 x 10'~ slug/sq. inch.
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'T'le wing was operated under a freest ream Mach number oif 01.79 and a freestream dlynarnioc pressure of
52 11 Pascal.

T'he st ruclture is imodeled using 501 plate element s. Tihe aco en )(lv an ii siml a t.ioni is dlone oii a 96 x :32 x .18
grid. It caii he seen from Figure 33 that thle uncontrolled system i diverges fairly rapi id ly. Iii the tiimie framei
considered, the plunge diverges fromi a inegligible amrount. to 10 percenlt chord very quickly.

Our task, now, is to design a controller uising the techniques diescrilbed ini thle previous section';. It has
been shown that the flutter of' a will,, can boe st udied by st lryiviig the dyniamiics of a sectionl three (piarters
of the distance from thre willg center-line to the tip). W~e idlentify the structural piroperties of the sect ion
located at. this poiiit. arid model it using thle typical section wing nmodel, discussed previously. hFollowinig the
techiqiinues inl the previous sectionl. we (quickly dlerive tue feedback gaiin mlat rix K,~. for this section,.

WVe make tile a~ssuiiptioni that tllis matrix is vallidl throughout the wing. This is a valid assumption, as
lie co ntrol is impIlemeniit ed iii a feedbuck fashiion. 'I'l( ie ijo is exp ect ed I to go th roigh th le iax imliin ilefleetion,

111(1t ierfoe illhesuject to the mlaxilnum anioulit iof control. (Since the control is piroport ioiin, i

nature). 11'w( root. (toes not miove at all. and thus there is rio control appliedi at the root. Thie results of'
this simiulatioii are shownl in Figure -33. It can be seen that the control law thus dlerivedl is successful iii
conitrohhiiig flutter. The Iliass tflixes at. anl actuator location at. the tip, along t~he trailing edge ale showii inl
Fi'gu re 33. Apgoiii, it. (:al be seein t hat. tile m ass fluxes requi iredi for control, wioeii coniiparedl toI tile freest rea ii
mass15 flux of pq.,, I aIre veryv small.
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Figuiire 33: Variat ioni of p1lunge hb c wvithI ti rile: Conutrolledl anrd unoni~ t~roilled cases (left) and 13lowinig/ Sac t~ii
ioiss fluxes at a trailing edge poiiit, (right)

In time coiitrolledl case tioe wing settl1(s int~o a lioiiit (vceil oscillation (of small magnitude as call be seeii
froiim Figuore 33. Th is is iii spite (of tilie fac(t t hat anl a pprox iiimate st rue tin r mIriio(de was used iii thle calculiat ion
of the con~troil law.

ITiis researc~h is described in detail inl the thesis of Karlliik Palaiiiappaoi. enotitle 'Algorithmns for Auato-
imat ic F'eedboack Control of Aerodlynamice Flows"
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